Astrocytes are ubiquitous in the brain and are widely held to be largely identical. However, this view has not been fully tested, and the possibility that astrocytes are neural circuit specialized remains largely unexplored. Here, we used multiple integrated approaches, including RNA sequencing (RNA-seq), mass spectrometry, electrophysiology, immunohistochemistry, serial block-face-scanning electron microscopy, morphological reconstructions, pharmacogenetics, and diffusible dye, calcium, and glutamate imaging, to directly compare adult striatal and hippocampal astrocytes under identical conditions. We found significant differences in electrophysiological properties, Ca 2+ signaling, morphology, and astrocyte-synapse proximity between striatal and hippocampal astrocytes. Unbiased evaluation of actively translated RNA and proteomic data confirmed significant astrocyte diversity between hippocampal and striatal circuits. We thus report core astrocyte properties, reveal evidence for specialized astrocytes within neural circuits, and provide new, integrated database resources and approaches to explore astrocyte diversity and function throughout the adult brain.
In Brief
The Khakh lab used state-of-the-art optical, anatomical, electrophysiological, transcriptomic, and proteomic approaches to explore astrocyte similarities and differences in two neural circuits. Candid evaluation of the data across ten approaches provided not only strong evidence for astrocyte diversity but also an experimental workflow to explore astrocyte diversity across the brain.
INTRODUCTION
Astrocytes exist throughout the brain and tile the nervous system. Astrocytes are morphologically complex cells with thousands of processes that create characteristically ''bushy'' territories. The finest processes contact synapses, blood vessels, and other glia, where they mediate multiple supportive, active, and homeostatic roles (Khakh and Sofroniew, 2015) . Astrocytes are also involved in disease, as evidenced by analyses of postmortem human brains and from extensive cell culture and mouse model studies (Chung et al., 2015a) .
Despite important progress, astrocytes remain an understudied cell population, and much remains to be explored. Unlike neurons, which are extremely diverse, astrocytes are viewed as a largely homogeneous population of cells. This raises an important question: how can astrocytes be largely interchangeable and yet mediate their many separable responses? One hypothesis that has been recently advanced to explain this quandary is the possibility that astrocytes are not a homogeneous population of glue-like cells in different neural circuits (Ben Haim and Rowitch, 2017; Khakh and Sofroniew, 2015; Zhang and Barres, 2010) . Despite being frequently invoked, with the exception of spinal cord development (Molofsky et al., 2014) , this hypothesis is incompletely tested, although there is emerging evidence to support it in the context of aging and disease (John Lin et al., 2017; Soreq et al., 2017) . Moreover, the finding that reactive astrocytes are different from healthy astrocytes (Liddelow et al., 2017; Zamanian et al., 2012) does not directly prove astrocyte diversity; rather, these studies show that astrocytes change in important ways when they are challenged.
We sought to determine if astrocytes within two distinct, mature brain neural circuits were largely similar or distinct when assessed using a range of integrated approaches that would permit candid assessment of diversity at multiple biological levels. In designing our study, we benefitted from the demonstration of interneuron diversity, which emphasizes evaluations using physiology, morphology, as well as gene, protein, and cell marker expression (Kepecs and Fishell, 2014) . We also chose two exemplar neural circuits to test the hypothesis: the striatum and hippocampus. The striatum is the major nucleus of the basal ganglia: it integrates converging excitatory and inhibitory signals from numerous parts of the brain and is involved in action selection, habit formation, and motor function (Graybiel, 2008) . The hippocampal CA1 region is the site of the majority of hippocampal output and is necessary, among other things, for establishing long-term explicit memory. The striatum consists mainly of inhibitory GABAergic medium spiny neurons (Graybiel, 2008) , whereas the hippocampus comprises mainly excitatory glutamatergic neurons (Spruston and McBain, 2007) .
Critical functions have been ascribed to astrocytes in both the hippocampus and striatum (Araque et al., 2014; Khakh and Sofroniew, 2015) , but as is true for other brain areas, it is unclear how potentially interchangeable cells serve such diverse roles in hippocampal and striatal neural circuits, which themselves operate by utilizing distinct neuronal populations. Thus, the necessity to address astrocyte diversity at a basic biology level, the relevance to disease and neural circuit function, and the availability of new tools presented an opportunity to determine if astrocytes in the striatum and hippocampus were largely similar or if they displayed neural circuit specificity.
RESULTS
We used multiple evaluations to compare adult striatal and hippocampal astrocytes under identical conditions ( Figure 1A ). The single-cell evaluations were performed for astrocytes in the dorsolateral (d.l.) striatum and hippocampus CA1 stratum radiatum (s.r.).
Astrocyte Density and Electrophysiological Properties in Striatum and Hippocampus
Astrocyte regional density varies (Khakh and Sofroniew, 2015) , and it has been suggested that the striatum contains low astrocyte numbers (Cui et al., 2016) . We therefore began by comparing the density of astrocytes in the hippocampus and striatum using ScaleS brain clearing and Aldh1l1-EGFP reporter mice, which label most astrocytes (Cahoy et al., 2008; Treweek and Gradinaru, 2016) . We found that astrocyte densities were equally high for d.l. striatum and hippocampus CA1 s.r. at 8 ± 2 and 11 ± 1 astrocytes per 100 mm cube, respectively (Figures 1B and 1C ; Movie S1; p > 0.05, n = 3 mice).
We next used patch-clamp electrophysiology to directly compare hippocampal CA1 s.r. and d.l. striatal astrocytes . We recorded the current-voltage relation, slope conductance, and resting membrane potential (Vm) under control conditions and in the presence of 300 mM Ba 2+ ( Figures   1D-1H ) to block Kir4.1 channels. The basic membrane properties of astrocytes in the striatum and hippocampus were similar (Table S1 ) and Ba 2+ was effective at reducing the membrane conductance and in depolarizing Vm (Figures 1G and 1H) . However, the Ba 2+ -sensitive currents were larger in the hippocampus than in the striatum at Vm values with greatest driving force (Figure 1F) . The Ba 2+ -sensitive currents reversed (À86.5 mV) close to the K + equilibrium potential. Astrocytes form extensive networks of coupled cells. We dialyzed single astrocytes via the patch pipette with biocytin, a gapjunction-permeable molecule, and post hoc assessed the extent of gap-junctional coupling. Under identical conditions, we found that the network of coupled astrocytes at $100 cells was not significantly different between the hippocampus and striatum, and in both brain areas, the gap junction blocker carbenoxolone (CBX; 100 mM) significantly reduced coupling (Figures 1I and 1J) . However, in the presence of CBX, the extent of remaining gap-junctional coupling was significantly higher in the hippocampus (32 ± 6 cells) than the striatum (8 ± 4 cells; Figure 1J ; p = 0.0239). Thus, there were significant physiological differences between astrocytes located in the d.l. striatum and hippocampus CA1 s.r.
Astrocyte Ca
2+ Signaling in d.l. Striatum and Hippocampus CA1 s.r. Intracellular Ca 2+ signaling is an important aspect of astrocyte biology (Shigetomi et al., 2016) . In accord, a rich panoply of spontaneous Ca 2+ signals can be visualized with genetically encoded calcium indicators (GECIs) such as GCaMP6f. GECIs and other reporters can be selectively delivered to astrocytes ( Figure S1 ) using adeno-associated viruses (AAVs) without detectable astrogliosis (Haustein et al., 2014; Jiang et al., 2016 ; Rungta et al.,
Figure 1. Astrocyte Physiological Similarities and Differences in Striatum and Hippocampus
(A) Approaches used to evaluate striatal and hippocampal astrocytes (SBF-SEM, serial block-face-scanning electron microscopy).
(B and C) Coronal sections of Aldh1l1-EGFP brains cleared using ScaleS and imaged using confocal microscopy for striatum (B) and hippocampus (C).
(D and E) Whole-cell voltage clamp was performed on d.l. striatal (D) and CA1 s.r. (E) astrocytes before and in the presence of 300 mM Ba 2+ . Left: example waveforms for total and Ba 2+ -insensitive currents. Right: average current-voltage relations. Inset: application of Ba 2+ caused a reversible decrease in membrane current at À70 mV; the gap is when recording was paused for current-voltages (IVs).
(F) Ba 2+ -sensitive currents.
(G and H) Membrane conductance (G) and membrane potential (H) of d.l. striatal and CA1 s.r. astrocytes for control and in 300 mM Ba 2+ .
(I) Representative images of biocytin (30 min; red) filled astrocyte syncytium in the d.l. striatum and hippocampus CA1 s.r. with and without 100 mM CBX to block gap junctions. The white polygon delineates dye spread.
(J) The number of coupled EGFP-positive astrocytes in control and in the presence of 100 mM CBX. Open circles represent raw data, closed circles indicate mean ± SEM, and a horizontal line represents the median. In some cases, the error bars representing SEM are smaller than the symbol used for the mean. Average data are shown as mean ± SEM.
2016; Shigetomi et al., 2013 Figure S2B ). Spontaneous Ca 2+ signal frequency was higher in the hippocampus than striatum under control conditions (p = 0.0469; Figure S2A ; Table S2 ), in TTX (p = 0.0165) and in Ca 2+ -free conditions (p = 0.0228; Figure S2B ). We examined the somatic events more closely and classified them as global events that encompassed the entire soma and some major branches or as non-global events that included only a subregion ( Figure S2C ). In control conditions, a significantly greater proportion of somatic events in hippocampal astrocytes were global events ( Figure S2C ; p = 0.0052). Although the frequency of somatic events decreased significantly with removal of extracellular Ca 2+ (Figures 2A, 2B , and S2B), global events were relatively spared in Ca 2+ -free conditions, indicating an intracellular origin ( Figure S2C ). The inter-regional difference remained significant in Ca
2+
-free buffers ( Figure S2C ; p = 0.032). We also assessed Ca 2+ homeostasis in striatal and hippocampal astrocytes using store-depletion protocols. Astrocytes from the striatum relied more heavily on extracellular entry for basal Ca 2+ levels than astrocytes from the hippocampus ( Figure S2D ; p = 0.0199).
Other aspects were similar (p > 0.05; Figure S2D Figure 2C ). In accord with recent studies (Shigetomi et al., 2016) , we found that striatal and hippocampal astrocytes responded equally weakly to EFS of glutamatergic input during brief trains of EFS (four APs at 10 Hz, p = 0.45123; Figure 2C ). Hippocampal astrocytes responded more reliably to longer trains (40 APs at 10 Hz), but striatal astrocytes did not ( Figure 2C ). Astrocytes in both areas responded strongly to bath application of the a1 adrenoceptor agonist phenylephrine (10 mM; Figure 2C ). Later, we report differences in EFS-evoked glutamate release onto astrocytes. Figure 2D ) to selectively stimulate GPCR Gq, Gs, and Gi pathways with hM3D, rM3D, and hM4D DREADDs, respectively (Roth, 2016) . Each of these receptors was activated by clozapine-N-oxide (CNO). In astrocytes expressing hM3D, 1 mM CNO evoked robust and equivalent increases in intracellular Ca 2+ in hippocampal and striatal astrocyte somata and processes ( Figures 2E and 2F ). Activation of rM3D and hM4D with CNO also increased Ca 2+ in striatal astrocytes, but the effects of activating Gs or Gi DREADDs were smaller in hippocampal astrocytes ( Figures 2E and 2F ). The similarities between activating hM3D for striatal and hippocampal astrocytes, and the differences between activating rM3D and hM4D, were evident from the kymographs and average traces (Figures 2E and 2F) . To quantify these data, we plotted the CNO-evoked fold change in GCaMP6f fluorescence and compared this between striatal and hippocampal astrocytes, which confirmed the differences statistically ( Figures 2G and 2H ). Since Gi-coupled hM4D-evoked Ca 2+ responses exhibited the greatest differences, we examined the effects on c-Fos expression. Activating striatal and hippocampal astrocytes expressing hM4D in vivo with CNO (1 mg/kg) increased c-Fos-expressing astrocytes in both the striatum and hippocampus ( Figures 2I and 2J ) but caused a greater increase in c-Fos levels in striatal astrocytes ( Figure 2J ). Thus, differences between hippocampal and striatal Right: representative traces of GCaMP6f dF/F for control, 0.25 mM TTX, and Ca 2+ -free extracellular buffers with TTX ( Figure S2 ). (Figure S3) . However, the response to 100 mM DHPG, the agonist for mGluR1/5 receptors, was weak in both regions ( Figure S3C ), consistent with the finding that this receptor is downregulated in adult astrocytes (Haustein et al., 2014; Srinivasan et al., 2016; Sun et al., 2013) . We also tested Gi/o-coupled mGluR2/3 agonist LY354740 and measured robust Ca 2+ signals in striatal somata and processes but no significant signals for hippocampal astrocytes ( Figure S3 ), which extends the hM4D DREADD data ( Figure 2E -2H). However, activation of Gi/o-coupled GABA B GPCRs (50 mM R-baclofen) evoked similar responses in striatal and hippocampal astrocytes ( Figure S3C ). The striatum receives dense dopaminergic input; however, we observed weak responses to activation of Gs-coupled D 1/5 receptors and Gi/ o-coupled D 2 and D 3 receptors (by 10 mM A77636, 10 mM sumanirole, and 50 mM PD128907) in striatal astrocytes ( Figure S3C ). Hippocampal astrocytes showed a similarly weak response. We note that agonists at endogenous GPCRs are not as specific as the use of DREADDS, because they may have actions at other cells within slices. Hence, we draw the robust conclusion based on results from the use of DREADDs as guided by results from endogenous GPCRs that activation of Gq was equally effective in striatal and hippocampal astrocytes but that activation of Gi/o was significantly more effective in striatal astrocytes.
d.l. Striatal and Hippocampal CA1 s.r. Astrocyte Morphology Assessed with Light Microscopy By using Aldh1l1-EGFP reporter mice and NeuN staining (Figure 3A) , we measured the ratio of neurons to astrocytes in the d.l. striatum and hippocampus CA1 s.r. and found significant differences ( Figure 3Di) . Thus, the level of neuronal investment is distinct, despite the fact that both regions have similar astrocyte density ( Figures 1B and 1C) . We next used intracellular iontophoresis of Lucifer yellow (LY) in lightly fixed brain tissue (Bushong et al., 2002) to assess astrocyte morphology ( Figure 3B ). LY filling of astrocytes revealed their bushy shapes (Movie S3). Using 3D reconstructions, we determined the volumes enclosed by single astrocytes ( Figure 3C ). NeuN co-staining of LY-filled astrocytes showed that $20 neuronal cell bodies intersected with a single d.l. striatal astrocyte territory, whereas at most one neuronal cell body intersected with hippocampal CA1 s.r. astrocytes (Figures 3C and Dii) . We also found that striatal and hippocampal astrocytes displayed equivalent somatic volumes, the same number of primary branches, and the same cell volumes (Figure 3Diii-v) . However, the territory volume of striatal astrocytes was significantly larger than that of hippocampal astrocytes ( Figure 3Dvi ). The density of excitatory synapses in the rat striatum and hippocampus is $0.9 and $2.0 per mm 3 (Harris et al., 1992; Ingham et al., 1998) , implying that single striatal and hippocampal astrocyte territories encompass $50,700 and $95,200 excitatory synapses, respectively. Hence, striatal astrocyte territories are larger than hippocampal ones and impinge upon significantly greater numbers of neuronal somata, but hippocampal astrocyte territories contain more excitatory synapses.
d.l. Striatal and Hippocampal CA1 s.r. AstrocyteSynapse Proximity Assessed with SBF-SEM We used serial block-face scanning electron microscopy (SBF-SEM) to examine the proximity and interaction of astrocyte processes, presynaptic terminals, and postsynaptic spines in the d.l. striatum and hippocampus CA1 s.r. (Figures 3E and 3F ; Movie S4; n = 3 mice). In the striatum, the majority of excitatory spines were thin ( Figure 3G ), consistent with published data (Bello-Medina et al., 2016) . The majority in the hippocampus were mushroom spines ( Figure 3G ), highlighting differences in the environments of striatal and hippocampal astrocytes. To evaluate whether astrocyte interactions with synapses differed between the two regions, we measured the vector between astrocyte processes and the center of the postsynaptic density (PSD). We found that striatal astrocyte processes were further away from PSD centers for all types of spines ( Figure 3H ). In addition, fewer synaptic interfaces in the striatum displayed astrocytic contacts (77% in striatum and 86% in hippocampus, Fisher's exact test p = 0.04486). Within either region, astrocyte processes were located more distally to mushroom spine PSDs when compared to other spines ( Figure 3H ). This is expected as mushroom spines have larger volumes and bigger PSDs (Arellano et al., 2007) . Astrocyte morphology at the cellular and ultrastructural levels suggests that hippocampal astrocytes (D) The ratio of green astrocytes and red neurons quantified from confocal images as shown in (A) from four mice (i). Number of neurons in a single astrocyte territory as determined by reconstructions in (C) (ii). (iii-vi) Astrocyte somata volume (iii), the number of primary branches (iv), astrocyte cell volume (v), and astrocyte territory volume (vi) were compared for striatal and hippocampal astrocytes (n = 19-22 from 10-11 mice). (E) Example of scanning electron microscopy (EM) image from the d.l. striatum with corresponding 3D rendering. The synaptic structures and closest astrocyte processes are colored as: yellow astrocytes, blue postsynaptic densities (PSDs), green axons, and pink spines. The center of the PSD is denoted with a red dot. (F) As in (E), but for hippocampus CA1 s.r. (G) The types of excitatory spines were significantly different between striatum and hippocampus (Fisher's exact test, n = 138-139 PSDs from three mice). (H) The distances between centers of the PSD and nearest astrocyte process are shown according to the spine type of the PSD (mushroom, n = 27-75; thin, n = 45-95; other, n = 16-19 synapses). Open circles are raw data (from three mice), with closed circles indicating mean ± SEM and a horizontal line the median. In some cases, the error bars representing SEM are smaller than the symbol used to show the mean. Average data are shown as mean ± SEM. occupy smaller territories but display significantly greater and tighter physical interactions with excitatory synapses than those in the striatum.
Striatal and Hippocampal Astrocyte Transcriptomes
In addition to evaluations of known astrocyte properties ( Figures  1, 2, and 3) , we sought unbiased, global understanding of astrocytes in the striatum and hippocampus. To this end, we generated RNA sequencing (RNA-seq) data of adult (postnatal day 63 [P63]) astrocytes from striata and hippocampi using Aldh1l1-CreERT2 x RiboTag mice (Sanz et al., 2009) . In these mice, the hemagglutinin (HA)-tagged ribosomal subunit Rpl22HA was expressed in astrocytes (Srinivasan et al., 2016) . Rpl22HA co-localized with S100b, but not with NeuN, throughout the striatum and hippocampus ( Figure S4A-S4F ). Rpl22HA expression was sufficient to perform immunoprecipitations (IPs) of Rpl22HA and associated actively translated mRNAs from striata and hippocampi of single mice for RNA-seq ( Figure S4G , four mice; Data S1). The IP samples were replete with astrocyte markers (Cahoy et al., 2008) but depleted of markers for neurons, oligodendrocytes, and microglia ( Figure 4A ). Furthermore, the top 100 adult cortical astrocyte genes (Srinivasan et al., 2016) were enriched in striatal and hippocampal IP samples ( Figure 4B ).
We used principal component analysis (PCA) to cluster our samples based on the 2,000 most variable genes across all samples. Clustering based on the first two principal components revealed that striatal and hippocampal astrocytes represented distinct cell populations ( Figure 4C ). We also compared the adult striatal and hippocampal RNA-seq data to adult cortical astrocytes (Srinivasan et al., 2016) and found that cortical and hippocampal astrocytes were the most similar ( Figure S5 ). To understand whether functional groups of genes were different between striatal and hippocampal astrocytes, we ran a gene set enrichment analysis (GSEA; false discovery rate [FDR] or q value < 0.15) on all genes sequenced in striatal and/or hippocampal IP samples as ranked by log ratio (LimmaVoom; no FDR threshold). GSEA revealed 21 gene sets enriched in striatal astrocytes and four gene sets enriched in hippocampal astrocytes ( Figure 4D ), illustrating that these two populations have functionally relevant molecular differences. Most of the 21 striatal gene sets were related to the cell cycle, cell migration, or chromosome structure. Two of the four gene sets enriched in hippocampal astrocytes (synapse organization and biogenesis, extracellular structure organization and biogenesis) are reminiscent of observations from SBF-SEM that hippocampal astrocyte processes are more closely associated with excitatory synapses ( Figure 3H) .
A differential expression analysis revealed 2,818 differentially expressed transcripts: 1,180 striatal and 1,638 hippocampal ( Figure 4E ; Data S1). This represents more than 10% of the genes detected in both IP samples. The set of genes highly expressed in IP, but not differentially expressed between striatum and hippocampus, is also interesting ( Figure 4F ), as these genes may be involved in core astrocyte functions in the striatum and hippocampus. Indeed, genes known to have functional importance in astrocytes, such as Slc1a2, Sparc, Kcnj10, and Slc6a11, were found in the striatal and hippocampal lists of 40 most highly expressed common genes ( Figure 4F ). Figure 4G reports in order the top 40 most differentially expressed genes between striatal and hippocampal astrocytes. Within these top 40, the most highly expressed striatal astrocyte gene is Crym, and the most highly expressed hippocampal astrocyte gene is Gfap. The RNA-seq data demonstrate that striatal and hippocampal astrocytes are molecularly distinct cell populations and provide a valuable resource for future hypothesis-driven experiments. The data are available at the Gene Expression Omnibus (GEO: GSE94010) and at http://astrocyternaseq.org.
We mined RNA-seq data for candidate K + channel genes (Data S1) that may underlie functional differences ( Figures 1D-1H ). We found significant expression for nine K + channels and two auxiliary subunits in hippocampus and striatum ( Figure 5A ; fragments per kilobase per million [FPKM] >10). Six were differentially expressed ( Figure 5A ). Similarly, of the known transmembrane Ca 2+ flux pathways (Data S1), we found significant gene expression for 23 molecules (FPKM >10), of which 9 were differentially expressed ( Figure 5B ). These included Ca 2+ -permeable channels and pumps on the plasma membrane and within intracellular organelles ( Figure 5B ) and are consistent with the imaging data of Figure 2 showing richness in astrocyte Ca 2+ signaling. Furthermore, of the 249 known Ca 2+ -binding EF-hand-containing proteins (Data S1), 68 had FPKM >10 in hippocampal or striatal astrocytes and 18 were differentially expressed ( Figure 5C ). These data illustrate that astrocytes display a surprising richness in K + channels, Ca 2+ flux pathways, and proteins likely to buffer Gene set enrichment analysis with all genes sequenced in striatal and hippocampal IP sample (threshold q-value < 0.15) identified 21 gene sets enriched in striatal astrocytes and four gene sets enriched in hippocampal astrocytes. The size of the circle corresponds to the number of significant genes whereas the color indicates the significance of the regional enrichment based on normalized enrichment score (NES).
(E) In total, 20,283 genes were identified (all dots), of which differential expression analysis comparing striatal (dark gray) and hippocampal (red) IP samples identified 1,180 striatal-and 1,638 hippocampal-enriched astrocyte genes (threshold FDR < 0.05; Data S1).
(F) FPKM heatmaps of the top 40 astrocyte genes that were not differentially expressed between regions as ranked by IP FPKM value. Log 2 (FPKM) ranged from 4.3 (blue, relatively low expression) to 13 (red, relatively high expression).
(G) FPKM heatmaps of the 40 most differentially expressed astrocyte genes between striatal and hippocampal astrocytes as ranked by differential expression LimmaVoom log ratio (FPKM > 0.1). The most highly expressed striatal astrocyte gene is Crym, and the most highly expressed hippocampal astrocyte gene is Gfap. Log 2 (FPKM) ranged from À7 (blue, relatively low expression) to 8 (red, relatively high expression). Average data are shown as mean ± SEM.
and respond to Ca
2+
. The RNA-seq data represent a valuable resource to explore questions related to the electrophysiological and Ca 2+ signaling properties of astrocytes.
Assessment of Striatal and Hippocampal Astrocyte Proteomes by Mass Spectrometry
Ideally, RNA and protein expression should be assessed in parallel (Kitchen et al., 2014) . We documented the proteomes of purified striatal and hippocampal astrocytes from P30 Aldh1l1-EGFP mice (Cahoy et al., 2008; Foo, 2013) . The method uses fluorescence-activated cell sorting (FACS) of EGFP-positive cells ( Figure S6 ). Therefore, we validated the isolated cells using microarrays to assess the quality of the samples. For both striatum and hippocampus, the EGFP-positive astrocytes showed high expression of 100 astrocyte markers and low expression of 100 neuronal markers ( Figure S7A ) and could be considered astrocytes (Foo, 2013) . The expression profiles of astrocytes from striatum and hippocampus were also distinct ( Figure S7B ). We next quantitatively compared proteomes by independently labeling samples from striata and hippocampi with low-(28 Da) or intermediate-(32 Da) molecular-weight dimethyl labels prior to pooling for liquid chromatography-tandem mass spectrometry (LC-MS/MS) (Boersema et al., 2009) . Mass spectrometry data were processed ( Figure S7C ) and permitted determination of the ratio of low and intermediate dimethyl labels (i.e., relative abundance in striatal and hippocampal astrocytes) and identification of proteins. Many of the top 100 astrocyte markers were strongly represented in the astrocyte proteomic data, but most of the 100 neuronal markers were not ( Figure S7D ). Thus, our analyses of gene and protein expression in the FACS isolated astrocytes suggests high purity of the cells (Foo, 2013) . We cannot completely rule out neuronal contamination in the FACS-isolated material. This is a known limitation of FACS and is also expected, since astrocytes phagocytose neuronal elements (Chung et al., 2015b) . Our FACS samples are strongly astrocyte enriched rather than a pure population.
From four biological replicates, we identified 3,509 protein groups corresponding to 3,322 genes ( Figure 6A ; Data S2). Of these, 2,879 genes were shared with the striatal and hippocampal astrocyte RNA-seq data. Gene ontology analysis showed that most of the shared genes were involved in metabolic processes, gene expression, and protein regulation ( Figure 6B ). By plotting relative abundance of hippocampal versus striatal proteins (log 2 scale), we determined that 2,128 were detected in both samples ( Figure 6C ). However, several proteins were more abundant in astrocytes from one or the other brain region ( Figure 6C ).
To explore robust commonalities and differences between striatal and hippocampal astrocyte proteomes, we performed high-stringency analyses, which resulted in a list of 692 proteins (Data S2). We considered the 143 proteins that were detected in all four experiments ( Figure 6D ; Data S2). We evaluated the correlation between RNA (log 2 FPKM) and protein (log 2 abundance) levels in both striatum and hippocampus ( Figure 6E ). There was a clear correlation between the two variables, implying that RNA-seq reflects abundance of most proteins. However, there were notable exceptions, and $10% of the proteins showed high abundance but low FPKM values (<10) for striatal and hippocampal datasets ( Figure 6E ). Statistical analyses revealed that out of 143 proteins, the abundance of 113 proteins was not significantly different between striatum and hippocampus (i.e., the common and most abundant proteins) (Data S2). However, 18 proteins in the striatum and 12 proteins in the hippocampus emerged as significantly region enriched ( Figure 6F ; Data S2). Furthermore, comparison of the ratios for the common, striatal-enriched, and hippocampal-enriched proteins showed that these groups were significantly different ( Figure 6G ). These data represent the first unbiased identification of proteins that define subpopulations of astrocytes in the brain. The most differentially expressed striatal and hippocampal astrocyte proteins were m-crystallin (gene: Crym) and GFAP (gene: Gfap), respectively ( Figure 6G ), which also had the highest expression among the most differentially expressed transcripts ( Figure 4G ).
We further assessed the 143 proteins discovered by highstringency analyses (proteins are referred to by their gene name). We ranked the common proteins by abundance; the top 20 are shown in Figure 6H . Of these, 19 are also astrocyte enriched by RNA-seq and include well-established astrocyte molecules (e.g., Slc1a3 [GLAST] and Slc1a2 [GLT1]). A quarter (e.g., Actb, Dpysl2, Tubb4b, and Cfl1) are implicated in cytoskeleton remodeling, and some, although highly abundant and common, are of poorly defined function (e.g., Phgdh). These top common proteins represent a valuable astrocyte resource ( Figure 6H ).
Among the 18 striatal-enriched proteins, the most highly enriched was Crym (m-crystallin; Figure 6I ). Crym binds to thyroid hormone. Another striatal-astrocyte-enriched protein was Aldh5a1, which participates in GABA degradation. This appears relevant given that the striatum consists mainly of GABAergic A) Venn diagram of proteins and genes detected in astrocytes using proteomics and RNA-seq. In total, 3,509 protein groups, corresponding to 3,322 genes, were identified using low-stringency protein identification filters (FDR < 0.01, DCn < 0.05). From the 3,322 genes, 2,879 were expressed in astrocytes in transcriptomic data (FPKM > 0.1). (B) Enrichr gene ontology (GO) analysis for ''biological processes'' of the 2,879 genes common between proteomics and RNA-seq (functionally related Enrichr GO terms were grouped together). (C) Of 2,879 genes common between proteomics and RNA-seq, 2,128 were detected in both hippocampus and striatum at the protein level. Scatterplot of relative protein abundance of these 2,128 proteins in hippocampus and striatum shows a high correlation between the two regions but also highlights differentially expressed proteins. (D) Venn diagram of the number of protein groups identified in the four replicates using high-stringency filters. In total, 143 proteins were found in four replicates. (E) Scatterplot comparing RNA and protein abundance for the 143 proteins detected in the proteomics high-stringency dataset. Most of the proteins show correlation with RNA levels. However, a subset of proteins (gray filled circles) had high protein levels but low RNA expression (FPKM < 10). (F) Venn diagram of the common, striatal-enriched, and hippocampal-enriched proteins in the high-stringency dataset. Paired t test analysis was used to determine the differentially expressed proteins between hippocampus and striatum. MSNs. In hippocampal astrocytes, 12 proteins were significantly enriched ( Figure 6J ), including Gfap, an intermediate filament, and Car2, a carbonic anhydrase. Other notable proteins higher in hippocampus were Gja1 (Connexin 43) and glutamine synthetase Glul. The higher levels of Connexin 43 in the hippocampus might be related to the greater degree of CBX-resistant gapjunction coupling in that region ( Figures 1I and 1J) .
The proteomic data are available as Data S2, at the Proteome Exchange Consortium via PRIDE (PRIDE: PXD005852), and at http://astrocyternaseq.org.
Validating the Top Striatal and Hippocampal Astrocyte-Enriched Genes
Proteomics and RNA-seq revealed m-crystallin (Crym) and GFAP (Gfap) as abundant and differentially expressed between striatal and hippocampal astrocytes (Figures 6I, 6J, and 7A) . To validate these, we performed qPCR for Crym and Gfap with astrocyte RNA obtained from P63 Aldh1l1-cre/ERT2 3 Rpl22HA mice ( Figure 7B ) and P30 Aldh1l1-EGFP astrocytes isolated by FACS ( Figure 7C ). With both sets of samples, we found that RNA levels of Crym were significantly higher in striatal astrocytes but undetectable in hippocampal astrocytes. Similarly, Gfap RNA was enriched in hippocampal astrocytes in relation to striatal astrocytes. The data were further validated by western blot of FACS-isolated astrocytes ( Figure 7D ) and immunohistochemistry (IHC) in Aldh1l1-EGFP reporter mice ( Figure 7E ). Only 7% ± 2% of astrocytes in the d.l. striatum showed GFAP staining (1,314 cells examined from n = 4 mice; Figure 7Ei ), whereas GFAP was expressed in all hippocampal s.r. astrocytes (620 cells examined from n = 4 mice; Figure 7Eii ). Furthermore, no immunostaining was observed for m-crystallin in hippocampal astrocytes (n = 3 mice), although it was found in pyramidal neurons (Figure 7Eiv ). In the d.l. striatum, m-crystallin immunostaining was obvious within 50% ± 6% of astrocytes ( Figure 7Eiii , n = 3 mice; Figure S8A ). We also observed that m-crystallin-positive astrocytes displayed a gradient in the striatum; their density increased along the dorsal-to-ventral axis, peaking in the ventromedial region ( Figure 7F-7H ). This gradient was not shared with EGFP (from Aldh1l1-EGFP mice), S100b, Kir4.1, or GLT1 ( Figure 7G ). This provides strong evidence that the density of astrocytes is equivalent throughout the striatum but that m-crystallin displays a gradient. Furthermore, we evaluated m-crystallin expression in Aldh1l1-EGFP-positive astrocytes broadly in the brain and found it only within striatal astrocytes ( Figure 7I ). m-crystallin was not reliably detected at P0, but the differences between striatum and hippocampus, and within the striatum, were observed at P7 and P30 ( Figure S8B ).
Assessing Ca
2+ -Dependent Glutamate Exocytosis from Astrocytes Based on RNA-seq and proteomic data (Figures 4, 5, and 6; Data S1 and S2), as well as experiments showing differences in signaling and morphology between striatal and hippocampal astrocytes (Figures 1, 2, and 3) , we explored if Ca 2+ -dependent glutamate exocytosis also differed. Recent studies suggest that hippocampal and striatal astrocytes from young rodents display Ca 2+ -dependent glutamate exocytosis (Araque et al., 2000 (Araque et al., , 2014 D'Ascenzo et al., 2007; Martín et al., 2015; Navarrete and Araque, 2008; Perea and Araque, 2007) . Figure 8A plots striatal and hippocampal astrocyte FPKM values for genes involved in Ca 2+ -dependent exocytosis (four synaptobrevins, four SNAPs, four syntaxins, five synaptotagmins, four complexins, four syntaxin-binding proteins, and three vesicular glutamate transporters [vGluts] ). As a metric to assess these data, we plotted FPKM values for known astrocyte markers, neuron markers, and housekeeping genes ( Figure 8A , n = 4). The stars in Figure 8A highlight FPKM values that were significantly greater than 10 (p < 0.05; one-sample t test). Notably, striatal and hippocampal astrocytes express Vamp2, Vamp3, Vamp4, Snap25, Snap29, Snap47, Stx4a, Syt11, Cplx2, Stxbp3a , and Stxbp4 mRNAs above this threshold (Figure 8A) . However, neither striatal nor hippocampal astrocytes expressed significant RNA for vGluts or Ca
2+
-sensitive synaptotagmins. Synaptotagmin 11 (Syt11) was significantly expressed in our data and in a previous study (Zhang et al., 2014) , but it does not bind Ca 2+ due to the absence of essential aspartates (Pang and S€ udhof, 2010; von Poser et al., 1997) . Of the genes related to Ca 2+ -dependent exocytosis, only Vamp2 was found in the high-stringency proteomic data, although several were found in the low-stringency dataset (Data S2). Furthermore, although we readily observed vesicles in 138 striatal and 139 hippocampal synapses (Figure 3 ), we observed no astrocyte processes that contained structures akin to neurotransmitter vesicles at the same synapses. Hence, the astrocyte data indicate membrane-traffic-related gene expression but show little evidence for minimal requirements for Ca 2+ -dependent glutamate exocytosis (i.e., for a Ca 2+ sensor or a vGlut).
We next sought to measure Gq GPCR-mediated glutamate release from d.l. striatal and hippocampal CA1 s.r. astrocytes using the genetically encoded glutamate sensor iGluSnFR, which has requisite kinetics and sensitivity (Haustein et al., 2014; Jiang et al., 2016; Marvin et al., 2013) . We targeted iGluSnFR to astrocyte extracellular surfaces and co-expressed it with hM3D DREADDs ( Figure 8B ). We found no evidence for spontaneous iGluSnFR fluorescence increases (flashes) and no strong evidence for CNO-evoked iGluSnFR flashes, even though CNO activation of hM3D always increased astrocyte Ca 2+ levels ( Figures 2E-2H and 8B-8D). We note that there was a statistically significant increase in iGluSnFR flashes from striatal astrocytes, but this corresponds to only one iGluSnFR flash every 10 min ( Figure 8D ). It is also comparable to that observed by blocking GLT1 with TBOA and was not observed in hippocampal astrocytes ( Figure 8D ). CNO also failed to cause any increase in basal iGluSnFR fluorescence. Striatal astrocyte basal iGluSnFR fluorescence was 534 ± 41 arbitrary units (a.u.) in control and 348 ± 21 a.u. with CNO. Hippocampal astrocyte basal iGluSnFR fluorescence was 392 ± 41 a.u. in control and 274 ± 17 a.u. with CNO. However, both striatal and hippocampal astrocytes responded to exogenous glutamate ( Figure 8E ), and EFS of glutamatergic inputs with four APs ( Figure 8F ) resulted in significant astrocyte iGluSnFR signals. Moreover, application of 1 mM
]methoxy]-Laspartic acid (TBOA) to block GLT1 significantly increased EFSevoked iGluSnFR signals onto hippocampal (p = 0.04324), but not striatal astrocytes ( Figure 8F ; p = 0.27499). With these controls, we feel confident that we would have detected comparable glutamate release from astrocytes had it occurred. Furthermore, in young mice, astrocyte glutamate release may activate neuronal extrasynaptic NMDA receptors to evoke slow inward currents (SICs) (Shigetomi et al., 2008) . We thus also recorded from d.l. striatal MSNs and hippocampal CA1 pyramidal neurons in the vicinity of astrocytes expressing hM3D DREADDs and applied CNO ( Figures 8G and 8H ). We could readily measure SICs in both MSNs and pyramidal neurons, but we failed to measure significant CNO-evoked increases in their frequency or amplitude ( Figures 8I and 8J) . Overall, our data are broadly consistent with past evaluations with purified astrocytes (Foo et al., 2011) and argue against Ca 2+ -dependent glutamate exocytosis as a core or robust astrocyte attribute.
DISCUSSION
Astrocytes have been considered a homogeneous glue-like cell. However, astrocyte diversity has been widely invoked recently to explain the plethora of physiological processes that astrocytes participate in (Ben Haim and Rowitch, 2017; Khakh and Sofroniew, 2015; Zhang and Barres, 2010) . We used several methods to assess astrocyte similarity or diversity in two distinct neural circuits mediating distinct functions and largely comprising distinct neuron types. Our data show that astrocytes in the hippocampus and striatum share many similarities but are distinct by several metrics at functional, morphological, and molecular levels of evaluation. Our data provide proof for neural-circuitspecialized astrocytes in the adult brain, extending work from the spinal cord (Molofsky et al., 2014) . At a functional level, striatal and hippocampal astrocytes differed significantly in the size of Ba 2+ -sensitive K + currents, gap-junctional coupling, and spontaneous, electrically evoked and GPCR-mediated Ca 2+ signals. They also differed in the effect of TBOA on electrically evoked glutamate signals. Morphologically, striatal, and hippocampal astrocytes differed in their territory size, number of neuronal somata they contacted, the numbers of synapses within a territory, and the proximity of astrocyte processes to excitatory synapses. At a molecular level, they differed significantly in their transcriptomes and proteomes. The adult RNA-seq and proteomic data provide resources to explore astrocyte functions in hypothesis-driven experiments employing genetic and functional approaches. For example, the list of the 20 most abundant astrocyte proteins shared between striatal and hippocampal astrocytes reveals several whose functions are unclear. In addition, our data confirm in adults at the protein and RNA levels many known critical astrocyte functions, such as neurotransmitter clearance, K + homeostasis, and roles in synapse formation and pruning. In that regard, we found that Ba 2+ -sensitive K + currents were larger in hippocampal astrocytes.
However, Kcnj10 FPKM values and the hippocampal/striatal protein ratio were not significantly different, although both trended higher in the hippocampus by $10%-15%. Hence, Kir4.1 expression differences do not satisfactorily explain why hippocampal astrocytes displayed larger Ba 2+ -sensitive currents, although it is possible that the relationships among RNA, protein, and measurement of function are complex. However, evaluation of all K + channel genes identified several differences and Kir5.1 (Kcnj16) as significantly hippocampal astrocyte enriched relative to striatum by 3-fold; this may underlie the larger Ba 2+ -sensitive currents. Furthermore, the Ba 2+ -resistant currents could be partly due to SK and 2P K + channels (Kcnn2, Kcnn3, and Kcnk1). Thus, the RNA and protein analyses provide several new hypotheses to explore the large resting K + conductance of astrocytes (Nwaobi et al., 2016) . Irrespectively, lower Ba 2+ -sensitive currents, CBXsensitive gap-junctional coupling, and glutamine synthetase levels (Data S1; Figures 6I and 6J ) in striatal astrocytes may be consistent with the fact the striatum comprises predominantly GABAergic neurons with hyperpolarized membrane potentials. Presumably, they have a lower requirement for K + buffering, K + dissipation, and glutamate recycling. We examined the potential for Ca 2+ -dependent glutamate exocytosis from adult astrocytes (Bazargani and Attwell, 2015) . We restrict our discussion to recent work on striatal and hippocampal slices (Martín et al., 2015; Navarrete and Araque, 2008; Perea and Araque, 2007) . We found little evidence for the presence of a core molecular machinery within adult astrocytes to support Ca 2+ -dependent glutamate exocytosis. Furthermore, although we could evoke large-amplitude astrocyte Ca 2+ elevations and image exogenous and neuronal glutamate release onto astrocytes, we found no evidence for Ca 2+ -dependent glutamate release from astrocytes onto astrocytes and nearby neurons in adult mice. This contrasts with some, but not all, aspects of our past work on young mice (Shigetomi et al., 2008 ). While we do not negate observations on the possible importance of astrocyte Ca 2+ -dependent glutamate release for striatal and hippocampal function, we suggest the need for caution in drawing interpretations for adult neural circuits, behavior, and disease until compelling evidence is obtained from mature neural circuits. Our evaluations failed to find such evidence in adult mice and support the view that adult astrocytes differ in physiologically significant ways from those in younger mice (Srinivasan et al., 2016; Sun et al., 2013) .
The top striatal-or hippocampal-astrocyte-enriched genes and proteins identified by RNA-seq and LC-MS/MS were validated by qPCR, immunostaining, and western blot analyses. The finding that GFAP was low in striatal astrocytes across all our measurements emphasizes the limitations of GFAP and speaks to the greater utility of the Aldh1l1 locus. To our knowledge, the discovery that m-crystallin is specific for striatal astrocytes provides the first molecular marker that defines a regionspecific astrocyte population. Moreover, striatal astrocytes are known to be altered in Huntington's disease (HD) (Khakh et al., 2017) , and m-crystallin levels decrease in humans and mouse models of HD (Francelle et al., 2015) . Interestingly, six of the top 40 striatal enriched astrocyte genes are histones, which is consistent with the GSEA results that chromosome-structurerelated gene sets were striatal enriched. The striatal enrichment of cell-cycle-and mitosis-related genes in astrocytes may indicate that striatal astrocytes are poised to respond to stimuli with proliferation, for example as may occur in the context of striatal diseases such as HD. Our database resources, mouse models (Srinivasan et al., 2016) , AAVs, and other reagents can now be used for detailed exploration of striatal astrocytes. m-Crystallin is interesting from another perspective. It displayed a clearly significant gradient of expression in the striatum and was patchy in the d.l. region. This provides evidence that even locally arranged astrocytes within a neural circuit (dorsal versus ventral striatum) or even more locally (i.e., neighboring astrocytes in the d.l. region) may be heterogeneous. However, we suggest that proof for the existence of such highly local heterogeneity should be based on candid assessment of cell markers, gene expression, protein expression, physiology, and morphology. Additional technical advances are necessary to deploy the combination of such methods to study locally intermingled astrocytes. Our data showing that RNA and protein levels are not necessarily directly correlated in all cases echoes previous work (Kitchen et al., 2014) and provides an impetus to assess local diversity with multiple approaches.
In summary, optical, anatomical, electrophysiological, transcriptomic, and proteomic approaches were deployed to explore astrocyte similarities and differences in two neural circuits. Candid evaluation of the data across ten approaches provided direct evidence for astrocyte diversity and provided resources to explore astrocytes across the brain. Future studies could explore how astrocyte diversity between the hippocampus and striatum arises: Are the differences intrinsic, or do they arise due to the local environment of the circuit? Do hippocampal and striatal astrocytes come from different stem cells or from a common origin that adopts distinct phenotypes? Finally, by providing evidence for neural-circuit-specialized astrocytes in the adult brain, our data portend their therapeutic exploitation for the modulation of neural-circuit-specific disease states.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
All animal experiments were conducted in accordance with the National Institute of Health Guide for the Care and Use of Laboratory Animals and were approved by the Chancellor's Animal Research Committee at the University of California, Los Angeles. All mice were housed with food and water available ad libitum in a 12 hr light/dark environment. All animals were healthy with no obvious behavioral phenotype, were not involved in previous studies, and were sacrificed during the light cycle. Data for experiments were collected from adult mice (8-11 weeks old for most experiments, 3-4 weeks old for electrophysiology, and 4-5 weeks old for proteomics and microarrays). Both male and female mice were used.
Mouse models
Aldh1l1-eGFP (MMRRC #3843271) on a Swiss-Webster background were acquired from MMRRC and maintained by breeding with Swiss-Webster mice (from Taconic). Hemizygous transgenic mice and wild-type littermates were used for experiments. B6N.129-Rpl22 tm1.1Psam /J (JAX# 011029) were acquired from the Jackson Laboratory and bred with Aldh1l1-cre/ERT2 mice (Srinivasan et al., 2016) (N3 backcrossed to C57BL/6N from Taconic) from an in-house colony; hemizygous transgenic heterozygous knock-in mice were used for RNA-seq experiments.
METHOD DETAILS Experimental design
Data from every experiment represent a minimum of three animals using a balanced number of male and female mice. Sample sizes were not calculated a priori. For AAV injections, mice were randomly assigned to striatal or hippocampal group. In calcium imaging experiments where agonists were applied sequentially (endogenous G protein coupled receptor agonists), the sequence of drug application was randomized and each slice received at most three different agonists. For RNA-seq, the dissection and homogenization order of brain regions alternated with every animal. For FACS, the sorting order of striatum and hippocampal cells alternated with every run.
Stereotaxic microinjections of adeno-associated viruses
Stereotaxic injections into the mouse hippocampus and striatum were performed as previously described (Jiang et al., 2014 (Jiang et al., , 2016 Shigetomi et al., 2013) . Mice (P42-49) were used in all surgeries in accordance with institutional guidelines. All surgical procedures were conducted under general anesthesia using continuous isoflurane (induction at 5%, maintenance at 1%-2.5% vol/vol). Depth of anesthesia was monitored continuously and adjusted when necessary. Following induction of anesthesia, the mice were fitted into a stereotaxic frame with their heads secured by blunt ear bars and their noses placed into an anesthesia and ventilation system (David Kopf Instruments). Mice were administered 0.1 mg/kg of buprenorphine (Buprenex, 0.1 mg/ml) subcutaneously before surgery. The surgical incision site was then cleaned three times with 10% povidone iodine and 70% ethanol (vol/vol). Skin incisions were made, followed by craniotomies of 2-3 mm in diameter above the left frontal or parietal cortex using a small steel burr (Fine Science Tools) powered by a high-speed drill (K.1070, Foredom). Saline (0.9%) was applied onto the skull to reduce heating caused by drilling. Unilateral viral injections were carried out by using a stereotaxic apparatus (David Kopf Instruments) to guide the placement of beveled glass pipettes (1B100-4, World Precision Instruments). For the left hippocampus: the coordinates were 2 mm posterior to bregma, 1.5 mm lateral to midline, and 1.6 mm from the pial surface. For the left striatum: the coordinates were 0.8 mm anterior to bregma, 2 mm lateral to midline, and 2.4 mm from the pial surface. Adeno-associated viruses (AAVs) were injected by using a syringe pump (Pump11 PicoPlus Elite, Harvard Apparatus). Glass pipettes were left in place for at least 10 min prior to slow withdraw. Surgical wounds were closed with external 5-0 nylon sutures. Following surgery, animals were allowed to recover overnight in cages placed partially on a low-voltage heating pad. Buprenorphine was administered two times per day for up to 2 days after surgery. In addition, trimethoprim sulfamethoxazole was provided in food to the mice for 1 week. Virus injected mice were euthanized two to three weeks post surgery for live slice imaging or perfused for immunohistochemistry. Viruses used were: 1.3 mL of AAV2/5 GfaABC 1 D-cyto-GCaMP6f virus (3 3 10 10 genome copies); 1.3 ul of AAV2/5 GfaABC 1 D-HM3D-mCherry, HM4D-mCherry, or RM3D-mCherry virus ($10 10 genome copies); 1.3 mL of AAV2/5 GfaABC 1 D-iGluSnFr virus (6 3 10 9 genome copies). Two viruses were co-injected for DREADD calcium and glutamate imaging; the injections in those cases were as follows: 1.3 ul of AAV2/5 GfaABC 1 D-cyto-GCaMP6f virus with AAV2/5 GfaABC 1 D-HM3D-mCherry, HM4D-mCherry, or RM3D-mCherry virus ($10 10 genome copies each); 1.3 mL of AAV2/5 GfABC 1 D-iGluSnFr with AAV2/5 GfABCD 1 -HM3D-mCherry virus (4 3 10 9 genome copies each).
In vivo activation of HM4D
Two weeks after unilateral injection of hM4D-mCherry AAV into the striatum and hippocampus of Aldh1l1-eGFP mice, CNO was administered to animals with intraperitoneal injection (1 mg/kg; dissolved in saline). One hour after CNO administration, animals were sacrificed and used for immunohistochemistry.
Immunohistochemistry (IHC)
For transcardial perfusion, mice were euthanized with pentobarbitol (i.p.) and perfused with 10% buffered formalin (Fisher #SF100-20). Briefly, once all reflexes subsided, the abdominal cavity was opened and heparin (50 units) was injected into the heart to prevent blood clotting. The animal was perfused with 20 mL ice cold 0.1 M phosphate buffered saline (PBS) followed by 60 mL 10% buffered formalin. After gentle removal from the skull, the brain was postfixed in 10% buffered formalin overnight at 4 C. The tissue was cryoprotected in 30% sucrose PBS solution the following day for at least 48 hr at 4 C until use. 40 mm coronal sections were prepared using a cryostat microtome (Leica) and processed for immunohistochemistry. For staining of acute slices, 300 mm slices were placed into 10% buffered formalin overnight at 4 C and processed as follows for IHC. Sections were washed 3 times in 0.1 M PBS for 10 min each, and then incubated in a blocking solution containing 10% NGS in 0.1 M PBS with 0.5% Triton X-100 for 1 hr at room temperature with agitation. Sections were then incubated with agitation in primary antibodies diluted in 0.1 M PBS with 0.5% Triton X-100 overnight at 4 C. The following primary antibodies were used: chicken anti-GFP (1:1000; Abcam ab13970), rabbit anti-GFP (1:1000; Molecular Probes A11122), mouse anti-NeuN (1:1000; Millipore MAB377), mouse anti-mCherry (1:1000; Saint John's STJ97087), rabbit anti-S100b (1:1000; Abcam ab41548), chicken anti-GFAP (1:1000; Abcam ab4674), Guinea pig anti-GLT1 (1:2500; Millipore AB1783), rabbit anti-KIR4.1 (1:1500; Alomone APC-035), and mouse anti-m-crystallin (1:250; Santa Cruz sc-376687). The next day the sections were washed 3 times in 0.1 M PBS for 10 min each before incubation at room temperature for 2 hr with secondary antibodies diluted in 0.1 M PBS. The following Alexa conjugated (Molecular Probes) secondary antibodies were used: goat anti-chicken 488 (1:1000), goat anti-rabbit 488 (1:1000), streptavidin conjugated Alexa 488 (1:250), streptavidin conjugated Alexa 555 (1:250), goat anti-rabbit 546 (1:1000), goat anti-mouse 546 (1:500), goat anti-guinea pig 546 (1:1000), and goat anti-rabbit 647 (1:1000). The sections were rinsed 3 times in 0.1 M PBS for 10 min each before being mounted on microscope slides in fluoromount-G. Fluorescent images were taken using UplanSApo 20X 0.85 NA and UplanFL 40X 1.30 NA oil immersion objective lens on a confocal laser-scanning microscope (Fluoview 1000; Olympus). We used the 488 nm line of an Argon laser to excite Alexa488, with the intensity adjusted to 4% of the maximum output, which was 10 mW. The emitted light pathway consisted of an emission high pass filter (505-525 nm) before the photomultiplier tube. Alexa 546 was excited by the 543 nm laser line of the HeNeG laser at 20%-25% of the maximum output (1 mW). The emitted light pathway consisted of a dichroic mirror (SDM560) and a 560-600 nm emission filter. Laser settings were kept the same within each experiment. Images represent maximum intensity projections of optical sections with a step size of 1.0 mm.
Images were processed with ImageJ. Cell counting was done on maximum intensity projections using the Cell Counter plugin; only cells with soma completely within the region of interest (ROI) were counted. For signal area and intensity measurements, ROIs were created using the same intensity threshold in experimental and control images. Acute brain slice preparation for imaging and electrophysiology Slice procedures have been described previously (Jiang et al., 2016; Shigetomi et al., 2013) . Coronal striatal or hippocampal slices were prepared from 8-11 week old Swiss-Webster mice with AAV injection for imaging or from 3-4 week old Aldh1l1-eGFP and WT littermates for electrophysiology. Briefly, animals were deeply anesthetized with isoflurane and decapitated. The brains were placed and sliced in ice-cold modified artificial CSF (aCSF) containing the following (in mM): 194 sucrose, 30 NaCl, 4.5 KCl, 1 MgCl 2 , 26 NaHCO 3 , 1.2 NaH 2 PO 4 , and 10 D-glucose, saturated with 95% O 2 and 5% CO 2 . A vibratome (DSK-Zero1) was used to cut 300 mm brain sections. The slices were allowed to equilibrate for 30 min at 32-34 C in normal aCSF containing (in mM); 124 NaCl, 4.5 KCl, 2 CaCl 2 , 1 MgCl 2 , 26 NaHCO 3 , 1.2 NaH 2 PO 4 , and 10 D-glucose continuously bubbled with 95% O 2 and 5% CO 2 . Slices were then stored at 21-23 C in the same buffer. All experiments were performed within 4-6 hr of slicing. We are aware that neurons and astrocytes can change in brain slices under some circumstances (Fiala et al., 2003; Takano et al., 2014) , but our procedures were standardized, all relevant experiments were performed within 4-6 hr of slicing and the conditions were identical for hippocampus and striatum. Also, our procedures are identical to those routinely used for several decades to study both astrocytes and neurons. Moreover, our core conclusions related to astrocyte similarities and differences between hippocampus and striatum were reproduced using parallel methods, which did not require brain slices. Finally, we have previously discussed the similarity between astrocyte calcium signaling in slices and in vivo under our experimental conditions (Khakh and Sofroniew, 2015; Shigetomi et al., 2016) . Hence, we do not think slice procedures contribute markedly to our conclusions, but nonetheless our findings should be interpreted with these considerations in mind.
Electrophysiological recording and assessment of dye coupling in brain slices Slices were placed in the recording chamber and continuously perfused with 95% O 2 and 5% CO 2 bubbled normal aCSF. Cells were visualized with infrared optics on an upright microscope (BX51WI, Olympus). pCLAMP10 software and a Multi-Clamp 700B amplifier was used for electrophysiology (Molecular Devices). For recording from striatal medium spiny neurons and hippocampal CA1 pyramidal neurons, currents were measured in whole-cell mode using pipettes with a typical resistance of 5-6 MU when filled a K + internal solution consisting of the following (in mM): 135 potassium gluconate, 5 KCl, 0.5 CaCl 2 , 5 HEPES, 5 EGTA, 2 Mg-ATP and 0.3 Na-GTP, pH 7.3 adjusted with KOH. In some cases, 2 mg/ml biocytin was added to the intracellular solution to subsequently visualize patched neuron. Neurons were voltage-clamped at À70 mV unless otherwise stated. Extrasynaptic NMDA-mediated slow inward currents were recorded in low-Mg 2+ buffer (0.1 mM) in the presence of bicuculline (10 mM), TTX (250 nM), and 6-cyano-2,3-dihydroxy-7-nitroquinoxaline (CNQX; 10 mM). ClampFit 10.5 software was used to analyze traces from neuronal recordings. For recording from astrocytes and dye coupling experiments, currents were measured in whole-cell mode using pipettes with a typical resistance of 5.5 MU when filled with internal solution containing the following (in mM): 130 K-gluconate, 2 MgCl 2 , 10 HEPES, 5 EGTA, 2 Na-ATP, 0.5 CaCl 2 , with pH set to 7.3. 2 mg/ml biocytin was added to the intracellular solution to examine gap junction coupling. Astrocytes were held in whole-cell mode for 30 min to allow biocytin to diffuse from the patched cell to other cells connected by gap junctions. In some cases CBX (100 mM) was added to the recording solution to block gap junctions. Brain slices were then rescued from the recording chamber for IHC.
Intracellular Ca
2+ and cell surface glutamate imaging
Slice preparation was performed as above. Cells for all the experiments were imaged using a confocal microscope (Fluoview 1000; Olympus) with a 40X water-immersion objective lens with a numerical aperture (NA) of 0.8 and at a digital zoom of two to three. For EFS-evoked signals, zoom of 1.5 was used. We used the 488 nm line of an Argon laser, with the intensity adjusted to 10%-14% of the maximum output of 10 mW. The emitted light pathway consisted of an emission high pass filter (505-525 nm) before the photomultiplier tube. For animals that received DREADD viruses, the 543 nm line of the HeNeG laser with intensity adjusted to 20% of the maximum output of 1 mW was used. Astrocytes were typically $25 mm below the slice surface and scanned at 1 frame per second for imaging sessions (CPA Ca
2+
-free experiments were scanned at 1 frame per 5 s). For EFS-evoked signals, stimulus electrode was placed at the stratum radiatum of CA1 and corpus callosum for hippocampal and striatal astrocytes, respectively. Ca 2+ and glutamate imaging were performed at 150-300 mm away from the electrode. For pharmacological activation of DREADDs and endogenous GPCRs, agonists (see Key Resources Table) were dissolved in either water or DMSO for minimum 1000X stock solution. Stock solutions were diluted in aCSF immediately prior acute bath application.
Calcium imaging analysis
Analyses of time-lapse image series were performed using ImageJ v1.30 (NIH). XY drift was corrected using ImageJ; cells with Z-drift were excluded from analyses. The data were analyzed essentially as previously reported (Haustein et al., 2014; Srinivasan et al., 2015 Srinivasan et al., , 2016 . Using ImageJ v1.30 (NIH) and GECIquant (Srinivasan et al., 2015) , -free buffer. To compare between striatal and hippocampal astrocytes, ROIs were generated for control, TTX, and TTX Ca 2+ -free conditions individually. Using MiniAnalysis 6.0.07 (Synaptosoft), spontaneous events were manually marked. Event amplitudes, half width and event frequency per ROI per min was measured. Events were identified based on amplitudes that were at least 2-fold above the baseline noise of the dF/F trace.
For all other calcium imaging experiments, extracted calcium signals were analyzed using OriginPro 8.5 (OriginLab). For EFSevoked signals, whole astrocyte territories were selected as ROIs. For Ca 2+ homeostasis experiments ( Figure S2D ), only the somatic fluorescence intensity was extracted. For DREADD experiments, time traces of fluorescence intensity were extracted from somata and processes. Using OriginPro, the integrated area-under-the-curve (AUC) of dF/F traces was analyzed. AUC per minute in baseline condition versus the first two minutes of CNO application was used for paired comparisons per cell. Two minutes of CNO was chosen to capture the peak response that was clearly visible from the traces. For endogenous GPCR experiments, somata AUC per minute during baseline condition versus during the two minutes after agonist hits the slice chamber were compared. As elevation of Ca 2+ in processes lasted a shorter amount of time, processes' AUC per minute during baseline condition versus during the one minute after agonist hits the slice chamber was compared. Fold change was used to compare agonist responses between regions, and was defined as the ratio of agonist versus baseline AUC per minute. Glutamate imaging analysis Glutamate signals were extracted using GECIquant soma function thresholded to encompass the whole astrocyte territory and then analyzed in OriginPro 8.5. Peaks in dF/F traces with twice the change in dF/F as baseline noise were deemed iGluSnFR flashes.
Brain tissue clearing
ScaleS tissue clearing was performed on Aldh1l1-eGFP mice as previously described (Hama et al., 2015) to allow for deeper imaging of endogenous fluorescence while preserving the three-dimensional architecture. P70-80 mice were given 100 units of heparin with intraperitoneal injection to prevent blood clotting and then euthanized with barbiturate overdose prior to transcardial perfusion with 50 mL of ice-cold 0.1 M PBS, followed by 50 mL of ice-cold 4% paraformaldehyde (EMS #19202). Brains were gently removed from the skull and post-fixed overnight at 4 C. One millimeter-thick coronal sections of striatum and hippocampus were cut using Pelco Vibrotome 3000. Brain sections were then cleared using the ScaleSQ (5) [v/v] in distilled water; pH 8.1; refractive index 1.437). Cleared sections were imaged using a Zeiss LSM 780 confocal microscope, and semi-automated cell counting of astrocytes and was performed using Imaris version 7.6.5 (Bitplane). The volumes of the brain regions counted were measured using Imaris surface function.
Astrocyte intracellular Lucifer yellow iontophoresis
This method for filling cells in fixed tissue was modified from published methods (Bushong et al., 2002) . Swiss-Webster wild-type mice (P44-58) were euthanized with barbiturate overdose and transcardially perfused with 10 mL of 35 C Ringer's Solution with 0.02% lidocaine followed by 4% paraformaldehyde. Ringer's Solution contains the following (in mM): 135 NaCl, 14.7 NaHCO 3 , 5 KCl, 1.25 Na 2 HPO 4 , 2 CaCl 2 , 1 MgCl 2 , and 11 D-glucose, bubbled with 95% O 2 and 5% CO 2 . Brains were lightly post-fixed at room temperature for 1.5 hr and then washed three times in ice cold 0.1 M PBS for 10 min. 100 mm coronal sections were cut using Pelco Vibrotome 3000 and then placed in ice-cold PBS for the duration of the experiment. 10 mg Lucifer yellow CH di-Lithium salt (Sigma) was dissolved in 1 mL 5 mM KCl solution and filtered prior to use. Sharp ($200 MOhm) glass electrodes were pulled from Borosilicate glass capillary with filament (O.D. 1.0 mm, I.D. 0.58 mm). Electrodes were gravity filled. Sections were transferred to a solution of room temperature PBS for filling. Astrocytes were identified using IR-DIC and then impaled with the sharp electrode. Lucifer yellow was ejected into the cell by passing current ($2 mA) for $20 s: three times with 15-20 s pauses in between. Sections were post-fixed completely with 4% PFA at 4 C prior to mounting on glass slides. In some cases, sections were processed for IHC co-staining with NeuN. Cells were imaged using a Zeiss LSM 780 confocal microscope, with UplanFL 40X 1.30 NA oil immersion objective lens with 0.25 um z-steps and 2.5-3.5x zoom.
Quantitative volumes were generated using Imaris' surface function. The astrocyte cell volume was segmented by raw intensity to create faithful representation of the extremely bright soma and primary branches, as well as the finer astrocyte processes. For the soma, surface smoothing was set at the x-y plane resolution limit (0.25 mm) and minimum seed object diameter was set to 3.0 mm. The reconstruction of soma was used to mask the raw confocal volume and the masked intensity was used to reconstruct the major processes. For major branches, surface smoothing and minimum seed object diameter were set to Z plane step size (0.25 mm). The reconstruction of major branches was used to further mask the confocal signal, leaving the fluorescent intensity from only the fine processes. For the fine astrocyte processes, surface smoothing was set at the x-y plane resolution limit (0.18 mm) and minimum seed object diameter was set to Z plane step size (0.25 mm). Summation of the soma, branches, and processes reconstruction volumes provided the astrocyte cell volume. The astrocyte territory volume was measured from a low-intensity threshold reconstruction (surface smoothing 0.75 mm) encompassing the cell volume and the space between its processes. NeuN co-staining was reconstructed as low threshold surfaces, and the number of neuronal cell bodies that intersect with the astrocyte territory is counted. The number of primary branches was counted visually.
Electron Microscopy
Swiss-Webster wild-type mice (P59-P64; 2 males, 1 female) were euthanized with barbiturate overdose and transcardially perfused with the following solution at 6 ml/min for 10 min: 4% paraformaldehylde (EMS #19202) and 2.5% glutaraldehyde (Polysciences #1909) in a 0.1 M sodium cadodylate (EMS #12300) buffer (pH 7.2). Brains were sliced into 1 mm coronal sections and then further dissected to the regions of interest: dorsal lateral striatum and hippocampus CA1. Tissues were post-fixed in perfusion solution for 48 hr at 4 C. Fixed tissues were prestained with 0.1% tannic acid, and then stained with osmium-ferrocyanide, followed by tetracarbohydrazide treatment, and then further stained with 2% aqueous osmium tetroxide. Samples were then incubated overnight in saturated aqueous uranyl acetate, followed by Walton's lead aspartate stain. Next, samples were dehydrated through a series of alcohol, followed by propylene oxide, a 50/50 propylene oxide and resin mixture, before being embedded in Epon 812-substitute resin. The resin blocks were then trimmed and mounted on an aluminum pin, coated with colloidal silver paste around the block edges, and then examined in a Zeiss Sigma VP system equipped with a Gatan 3View in-chamber ultramicrotome stage with low-kV backscattered electron detectors optimized for 3View systems. Samples were routinely imaged at 2.25kV, at 6.8nm/pixel resolution, with field sizes between 40-50 um in x-y and slice thickness of 80 nm. The acquisition of the EM data was performed by Renovo Neural (Cleveland, Ohio). Image series were registered and then analyzed using Reconstruct software version 1.1 ((Fiala); https://synapseweb.clm. utexas.edu/software-0).
Striatal medium spiny neuron (MSN) spines and hippocampal CA1 pyramidal neuron spines in the stratum radiatum were traced. Striatal MSNs have aspiny primary dendrites that become spiny upon branching. Only dendrites whose aspiny primary and spiny secondary or tertiary portions were found in the image series were analyzed. Hippocampal CA1 pyramidal neurons have apical dendrites that run largely orthogonal to the pyramidal cell layer. A low magnification blockface image was used to orient hippocampal image series. At least three dendrites were analyzed from one or two serial section series per region per mouse. All spines on selected dendrites were traced along with their corresponding pre-synaptic axon bouton and nearby astrocyte processes. Astrocyte processes were identified by their persistent irregular shape through multiple sections and by the presence of glycogen granules. The postsynaptic density (PSD) of each spine was traced and the estimated center of the PSD marked. Spine types were defined as previously described (Harris et al., 1992) into mushroom, thin, and other (stubby and branched) using 3D rendering of the traces. Mushroom spines have spine head diameter much greater than neck diameter; thin spines have spine head diameter similar to neck diameter and spine length much greater than neck diameter. Stubby spines have spine length similar to neck diameter; branched spines have more than one spine head. The shortest distance (straight line) between the center of the PSD and nearby astrocyte processes was measured for each traced synapse using the ''Distance'' function in Reconstruct software.
RNA-seq determination of striatal and hippocampal astrocyte transcriptomes and analyses Adult (P63) Aldh1l1-cre/ERT2 x Ribotag mice (2 males and 2 females) were used to purify RNA from astrocytes as previously described (Srinivasan et al., 2016) . Tamoxifen (Sigma, 20 mg/ml) was administered intraperitoneally for five consecutive days at 75 mg/kg. Experiments were performed two weeks after the last tamoxifen injection. RNA was collected from hippocampi and striata of Aldh1l1-cre/ERT2 x RiboTag mice based on a published protocol (Sanz et al., 2009) . Briefly, freshly dissected tissues were collected from four animals and individually homogenized. RNA was extracted from 20% of cleared lysate as input. The remaining lysate was incubated with mouse anti-HA antibody (1:250; Covance #MMS-101R) with rocking for 4 hr at 4 C followed by addition of magnetic beads (Invitrogen Dynabeads #110.04D) and overnight incubation with rocking at 4 C. The beads were washed three times in high salt solution. RNA was purified from the IP and corresponding input samples (QIAGEN Rneasy Plus Micro #74034). RNA concentration and quality were assessed with nanodrop and Agilent 2100 Bioanalyzer. RNA samples with RNA integrity number (RIN) greater than eight (mean RIN 8.6; range 8.1-9.3) were used for multiplexed library prep with Nugen Ovation RNA-seq System V2. Sequencing was performed on Illumina NextSeq 500 for 2x75. Data quality check was done on Illumina SAV. Demultiplexing was performed with Illumina Bcl2fastq2 v 2.17 program. Reads were aligned to the latest mouse mm10 reference genome using the STAR spliced read aligner ($88% reads mapped uniquely). Fragment counts were derived using HTS-seq program (Anders et al., 2015) . Principal component analysis was performed using R v3.3.2 (RCoreTeam, 2016) using the 2000 most variable genes across all samples. Analysis of differential expression was performed using the Bioconductor LIMMA package (Law et al., 2014) . The list of genes sequenced in striatal and/or hippocampal IP samples were ranked by LimmaVoom log ratio with no false discovery rate (FDR) threshold and used for Gene Set Enrichment Analysis (GSEA) (http://software.broadinstitute.org/gsea/). Differentially expressed (DE) genes were identified using Bioconductor packages (http://www.bioconductor.org) and Limma-Voom with adjustment for difference between animals using FDR threshold < 0.05 for all comparisons.
RNA and protein extraction from astrocytes isolated by FACS Aldh1l1-eGFP mice were used to purify astrocytes by fluorescence-activated cell sorting (FACS). Whole hippocampi or striata from heterozygous P30 mice were dissociated following published guidelines (Foo, 2013) with slight modifications. Briefly, the hippocampi and striata from four mice (two male and two females) were dissected and digested together for 45 min at 36 C in a 35 mm Petri dish with 2.5 mL of papain solution (1x EBSS, 0.46% D-glucose, 26 mM NaHCO 3 , 50 mM EDTA, 75 U/ml DNase1, 200 units of papain for hippocampal and 300 units of papain for striatal tissue, and 2 mM L-cysteine) while bubbling with 5% CO 2 and 95% O 2 . After digestion, the tissue was washed four times with ovomucoid solution (1x EBSS, 0.46% D-glucose, 26 mM NaHCO 3 , 1 mg/ml ovomucoid, 1 mg/ml BSA, and 60 U/ml DNase1) and mechanically dissociated with two fire-polished borosilicate glass pipettes with different bore sizes. A bottom layer of concentrated ovomucoid solution (1x EBSS, 0.46% D-glucose, 26 mM NaHCO 3 , 5. mg/ml ovomucoid, 5.5 mg/ml BSA, and 25 U/ml DNase1) was added to the cell suspension. The tubes were centrifuged at room temperature at 300 g for 10 min and the resultant pellet was re-suspended in D-PBS with 0.02% BSA and 13 U/ml of DNase1, and filtered with a 20 mm mesh. FACS was performed in a FACSAria II (BD Bioscience) with a 70 mm nozzle using standard methods at the University of California, Los Angeles (UCLA) Cell Sorting Core. For RNA extraction, sorted cells were collected in D-PBS with 0.1% BSA, and centrifuged for 10 min at 4 C and 2000 g. The RNA was extracted from the pelleted cells using RNeasy Plus Micro Kit (QIAGEN). For protein extraction, cells were collected in D-PBS and, right after FACS, cells were incubated with lysis buffer (150 mM NaCl, 1% Triton X-100, 12 mM Na + -Deoxycholate, 3.5 mM sodium dodecyl sulfate, 50 mM Tris pH8, 1:100 Halt Protease Inhibitor cocktail (Thermo Scientific)) at 4 C for 40 min. The extracted protein was subsequently precipitated with trifluoroacetic acid and acetone. Protein pellet was dried and resuspended in a proteomics compatible buffer (0.5% Na-Deoxycholate, 12 mM N-Lauroylsarcosine sodium salt, 50 mM triethylammonium bicarbonate), boiled at 95 C for 10 min and stored at À80 C.
qPCR experiments
Amplified cDNA from RNA samples (Ribotag IP and FACS) was generated using Ovation PicoSL WTA System V2 (Nugen). The cDNA was then purified with a QIAquick PCR Purification Kit (QIAGEN) and quantified with a Nanodrop 2000. qPCR was performed in a LightCycler 96 Real-Time PCR System (Roche). Ten nanograms of each sample was loaded per well and gene specific amplification was performed using primers listed in Key Resources Table. Expression levels were calculated based on Ct values of the genes of interest relative to Arbp using the following formula: 2 -DCt (Gene-Arbp) .
Western blot analyses Standard SDS-PAGE was performed. Each lane contained extracted protein from one FACS experiment. A total of three separate cell sorts were included in the analysis. We probed for GFP, GFAP, m-crystallin and b-actin using rabbit anti-GFP (Invitrogen A11122), mouse anti-GFAP (Abcam ab4674), mouse anti-m-Crystallin (Santa Cruz sc-376687) and rabbit anti-b-actin (Abcam ab8227) primary antibodies at 1:1000 dilution. The secondary antibodies IRDye 680RD anti-mouse (Li-Cor 926-68170) and IRDye 800CW anti-rabbit (Li-Cor 827-08365) were added to visualize the proteins using a Li-Cor Odyssey imager. Signal intensities were quantified with Image Studio Lite software (Li-Cor), and GFP, GFAP or m-crystallin signals were normalized to b-actin.
QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical tests were run in OriginPro 8.5/9/2015 or GraphPad Instat 3. Summary data are presented as mean ± s.e.m, with medians shown as a horizontal line where appropriate. Note that in some of the graphs, the bars representing the s.e.m. are smaller than the symbols used to represent the mean. For each set of data to be compared, we determined within GraphPad Instat or OriginPro whether the data were normally distributed or not. If they were normally distributed, we used parametric tests. If the data were not normally distributed, we used non-parametric tests. Paired and unpaired Student's two-tailed t tests (as appropriate) and two-tailed Mann-Whitney tests were used for most statistical analyses with significance declared at p < 0.05, but stated in each case with a precise P value. When the P value was less than 0.0001, it is stated as such to save space on the figure panels and text. N is defined as the numbers of cells, processes or mice throughout on a case-by-case basis depending on the particular experiment; the unit of analysis is stated in each figure or figure legend. When a statistical test was employed that was not a Student's t test or a Mann-Whitney test, then it is stated as such in the text and figure. Throughout the manuscript, the results of statistical tests (P values and n numbers) are reported in full on the figure panels to save space in the main body of the manuscript. However, where appropriate key statistics are also reported in the text.
DATA AND SOFTWARE AVAILABILITY
The accession number for the raw and normalized RNA-seq data reported in this paper is GEO: GSE94010 (https://www.ncbi.nlm. nih.gov/geo). The accession number for the proteomic data reported in this paper is PRIDE: PXD005852.
ADDITIONAL RESOURCES
The RNA-seq and proteomic data of adult striatal and hippocampal astrocytes from this paper have been made available as a searchable website at http://astrocyternaseq.org. The RNA-seq data of adult cortical astrocytes from (Srinivasan et al., 2016) have also been included in the website.
